Phagosome Maturation Proceeds Independently of Stimulation of Toll-like Receptors 2 and 4  by Yates, Robin M. & Russell, David G.
Immunity, Vol. 23, 409–417, October, 2005, Copyright ©2005 by Elsevier Inc. DOI 10.1016/j.immuni.2005.09.007
Phagosome Maturation Proceeds Independently
of Stimulation of Toll-like Receptors 2 and 4Robin M. Yates and David G. Russell*
Department of Microbiology and Immunology
College of Veterinary Medicine
Cornell University
Ithaca, New York 14853
Summary
Toll-like receptors modulate many aspects of the in-
nate immune response. Recent reports suggest that the
maturation of phagosomes following particle uptake
is modulated through signaling of Toll-like receptors.
In the current study, the kinetics of phagosome matu-
ration was evaluated quantitatively by ratio fluorome-
try to determine the lumenal pH of the phagosomes
and a FRET-based technique to determine the degree
of phagosome/lysosome fusion. Profiles generated
for phagosomes containing experimental particles with
or without the TLR ligands Pam3Cys-Ser-(Lys)4 or
LPS failed to reveal a difference in maturation despite
activating TLR-signaling pathways. Moreover, while
macrophages defective in individual TLRs generated
phagosome maturation profiles identical to wild-type
macrophages, MyD88-deficient macrophages exhibited
a marked depression in phagosome/lysosome fusion
that appears independent of short-term TLR-mediated
effects. The results demonstrate that the rate of matu-
ration of phagosomes proceeds independently of TLR
signaling pathways.
Introduction
Recently, a whole new chapter in immunology has been
opened with the discovery of the Toll-like receptors
(TLR) and the CARD proteins. These families of recep-
tors recognize molecular patterns common to many
microbes, alert the body to the potential of infection,
and act to accelerate, direct, and amplify the subse-
quent innate and acquired immune responses (Beutler,
2004; Underhill and Gantner, 2004).
Although it is accepted widely that stimulation of
TLRs leads to a proinflammatory response, the full
scope of the responses initiated by these receptors is
still being elucidated (Iwasaki and Medzhitov, 2004;
Takeda and Akira, 2004). Underhill and colleagues dem-
onstrated that TLR2 was recruited specifically to phago-
somes and triggered production of TNF-α (Underhill et
al., 1999), suggesting a link between phagosome for-
mation and TLR sensing and/or activity. Phagocytosis
is a complex process involving receptor binding, inter-
nalization, and phagosome biogenesis and maturation.
Several groups report that macrophages from MyD88-
deficient mice show a range of phagocytosis- and
phagosome maturation-associated defects including
reduced uptake of particles and killing of pathogens (de
Veer et al., 2003; Henneke et al., 2002; Liu et al., 2004;
Marr et al., 2003). More recently, studies have focused*Correspondence: dgr8@cornell.eduon the effect that TLR stimulation has on the maturation
of the phagosome itself. Shiratsuchi and colleagues re-
port that stimulation of TLR4 during phagocytosis of
apoptotic bodies delayed acquisition of lysosomal mark-
ers (Shiratsuchi et al., 2004). In contrast, Blander and
Medzhitov report that the maturation of bacterium-con-
taining phagosomes was accelerated or “induced” in a
TLR-dependent manner when compared to phago-
somes formed around apoptotic bodies (Blander and
Medzhitov, 2004). They described that phagosomes
containing E. coli or Staphylococcus aureus acquired
lysosomal markers at accelerated rates in wt macro-
phages compared to MyD88−/− and TLR2X4−/− macro-
phages. In total, there is an extensive body of data im-
plying that TLR signaling impacts on many facets of
particle binding, uptake, and degradation. In this cur-
rent study, we focus exclusively on the effect of TLR
stimulation on the rate of maturation of the phagosome
subsequent to particle internalization.
We addressed this key question with defined par-
ticles carrying ligands for phagocytic receptors in the
presence and absence of TLR ligands. Phagosome
maturation was measured in dynamic, real-time assays
that quantified acidification of phagosomes or ex-
ploited fluorescence resonance energy transfer (FRET)
to measure the degree of phagosome/lysosome fusion
(Yates et al., 2005). Contrary to previous studies, we
failed to detect an effect of TLR stimulation on the rate
of phagosome maturation following particle internaliza-
tion. Furthermore, while phagosomes formed in macro-
phages deficient in TLR2 or TLR4 signaling behaved
identically to their wild-type controls in the presence
and absence of TLR ligands, macrophages from MyD88
knockout mice demonstrated a significant depression
in phagosome/lysosome fusion that we believe is de-
termined developmentally.
Results and Discussion
Experimental Particles
Key to this study was the development of model par-
ticles that were internalized through activation of char-
acterized phagocytic receptors without stimulation of
the TLR signaling pathway. We therefore directed par-
ticles to the well-characterized mannose receptors for
phagocytic uptake by binding mannosylated albumin
(Man)-coupled silica beads to bone marrow-derived
murine macrophages (BMMØ) prior to incubation at
37°C. Binding experiments demonstrated that binding
of Man beads was inhibited strongly by an excess of
free ligand. However, when the beads were fluoresce-
inated, this inhibition was reduced, implying that while
mannose receptors were involved, there were other re-
ceptors active in the binding and uptake of the experi-
mental particles (Figures 1A and 1B).
Mannosylated Albumin-Coated Particles Do Not
Activate TLR Signaling in the Absence
of TLR Ligands
TLRs are known to signal through the NF-κB pathway
that involves the degradation of the NF-κB regulator
Immunity
410Figure 1. Binding of Man Beads to Macro-
phages Is Inhibitable by Soluble Mannan and
Only Activates TLRs when Coated in Pam3
or LPS
(A and B) The binding of Man beads with or
without conjugated carboxyfluorescein was
examined in the presence of 10 mg/ml solu-
ble mannan. Beads were allowed to bind to
macrophage monolayers for 3 min at room
temperature. The degree of binding of the
washed monolayers was enumeration by mi-
croscopy (A) for Man beads, or determined
by fluorescent intensity for fluorescent Man
beads (B).
(C) An immunoblot illustrating the degrada-
tion of IκBα and phosphorylation of p38 MAP
kinase in BMMØ following phagocytosis of
Man beads with or without adsorbed Pam3
or LPS in wt (C57BL/6 and C3H/HeN) and
mutant BMMØ defective in TLR2 and TLR4
signaling (TLR2−/− and C3H/HeJ). Loading
controls demonstrated equivalent amounts
of total p38 MAP kinase between samples
(data not shown).subunit, IκBα (Akira and Takeda, 2004). More recently,
it has also been shown that activation of TLRs can lead
to phosphorylation of p38 MAP kinase, which has par-
ticular significance for this study in light of the role of
p38 MAP kinase in modulating membrane trafficking
within the endosomal system (Cavalli et al., 2001; Doyle
et al., 2004; Fratti et al., 2003; Rhee et al., 2003). To
confirm that these signaling pathways were not acti-
vated by our control particles, we used Western blot
analysis to show the absence of degradation of IκBα or
phosphorylation of p38 MAP kinase (Figure 1C).
In contrast, adsorption of LPS or Pam3Cys-Ser-(Lys)4
(Pam3) onto the surface of the Man beads induced deg-
radation of IκBα and phosphorylation of p38 (Figure
1C). These data demonstrate that the experimental par-
ticles are phagocytosed in the absence of TLR activa-
tion but will trigger TLR activation only if an appropriate
TLR ligand is incorporated onto the particle surface.
Moreover, beads carrying Pam3 failed to elicit IκBα
degradation and p38 phosphorylation in macrophages
from TLR2−/− macrophages, demonstrating that these
activation markers require the presence of TLR2. Simi-
larly, IκBα degradation and p38 phosphorylation was
diminished significantly in macrophages from C3H/HeJ
mice that are defective in TLR4 signaling when these
cells were stimulated with beads carrying LPS, consis-
tent with published data (Bjorkbacka et al., 2004; Ha-
zeki et al., 2003; Kawai et al., 2001).
The Kinetics of Acidification of Phagosomes
Containing Man Beads or IgG Beads
Are Unaffected by Stimulation of TLR2
or TLR4 during Phagocytosis
Phagosomal pH is associated intimately with phago-
some maturation (Hackam et al., 1997; Lukacs et al.,
1991; Pethe et al., 2004; Sturgill-Koszycki et al., 1994).
Inhibition of acidification reduces phagosome matura-
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tion and the acquisition of lysosomal constituents, and
onversely, the inhibition of phagosome maturation re-
uces its acidification (Sturgill-Koszycki et al., 1994,
996; Yates et al., 2005).
Man beads were fluorescently labeled with the pH-
ensitive fluorochrome carboxyfluorescein-SE and bound
o BMMØ at room temperature before transfer to 37°C
o allow phagocytosis to proceed. Acidification profiles
ere generated with and without TLR2 or TLR4 stim-
lation (±Pam3 or LPS), in both wild-type BMMØ
C57BL/6 or C3H/HeN) and BMMØ defective in TLR2 or
LR4 signaling (TLR2−/− or C3H/HeJ). Despite the broad
ange of experimental conditions, all the pH profiles
enerated were comparable with respect to the kinetics
f acidification, demonstrating that the phagosomes
cquired a pH of close to pH 5 within 15 min of forma-
ion (Figures 2A and 2B). Acidification appears to be
nitiated slightly earlier in the presence of LPS, but this
ffect is also observed in cells defective in TLR4 signal-
ng and could be explained by additional, LPS binding
olecules enhancing uptake (Fujihara et al., 2003; Hen-
eke et al., 2002). Given the confirmation that these
articles activate TLRs when the appropriate ligand is
dded to the particle surface (Figure 1C), these data
rgue strongly that the ligation of TLR receptors during
hagocytosis does not influence the kinetics of acidifi-
ation.
To demonstrate that these data were not mannose re-
eptor specific, we generated human IgG-coupled silica
eads. Like the Man beads, the binding of IgG-coupled
eads to macrophages was inhibitible partially by an
xcess of free ligand (data not shown). In a series of com-
arable experiments with IgG beads (±Pam3 or LPS), in
oth wild-type BMMØ (C57BL/6 or C3H/HeN) and
MMØ defective in TLR2 or TLR4 signaling (TLR2−/− or
3H/HeJ), similar data were generated, demonstrating
hat, like mannose-mediated uptake, the maturation of
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411Figure 2. Acidification of Phagosomes Containing Man Beads and IgG Beads Proceeds Independently of Stimulation of TLR2 or TLR4
(A and B) Ratio fluorometry was used to calculate the pH of phagosomes following uptake of Man beads (A) ± adsorbed Pam3 in wt (C57BL/6)
and TLR2−/− BMMØ, and (B) ± adsorbed LPS in wt (C3H/HeN) and TLR4 signaling-defective (C3H/HeJ) BMMØ.
(C and D) And following uptake of IgG beads (C) ± adsorbed Pam3 in wt (C57BL/6) and TLR2−/− BMMØ and (D) ± adsorbed LPS in wt (C3H/
HeN) and TLR4 signaling-defective (C3H/HeJ) BMMØ.
(E) The acidification profile of IgG bead-containing phagosomes generated by C57BL/6 macrophages in the presence of the V-ATPase
inhibitor Concanamycin A (100 nM) or the calmodulin inhibitor W7 (15 M). Fluorescent emission at 520 nm was measured using alternating
excitation wavelengths of 450 nm and 490 nm. These experiments were conducted a minimum of four times.Fc-dependent phagosomes was unaffected by stimula-
tion of either TLR2 or TLR4 (Figures 2C and 2D). This
indicates that the route of uptake did not influence the
possible modulation of phagosome acidification by TLR
receptors.
Acidification of phagosomes correlates with accumu-
lation of active V-ATPases; however, the intracellular
source of these enzymes is not well defined and is un-
likely to be limited to the lysosome (Toyomura et al.,
2003; Trombetta et al., 2003). To establish a preliminary
link between acidification and phagosome maturation,
we examined the acidification profiles generated in the
presence of concanamycin A, an inhibitor of V-ATPase
activity, and W7, an inhibitor of calmodulin activity
known to suppress phagosome/lysosome fusion and
the acquisition of hydrolytic activities (Yates et al.,
2005). Not surprisingly, Concanamycin A blocked acidi-
fication of IgG bead-containing phagosomes completely(Figure 2). More notably, the inhibitor W7 inhibited the
acidification of IgG bead phagosomes, changing both
the rate of acidification and the final pH achieved, im-
plying that phagosome maturation was required for ef-
fective acidification of these vacuoles.
The Rate of Phagosomal/Lysosomal Fusion
Is Unaffected by the Stimulation of TLR2
or TLR4 during Phagocytosis
Despite the lack of modulation of phagosome acidifica-
tion, it is still feasible that TLR stimulation could affect
other parameters associated with phagosome matura-
tion. Published studies also quantified the delivery of
phagocytosed particles to lysosomal compartments
preloaded with fluorescent tracers (Blander and Med-
zhitov, 2004; Shiratsuchi et al., 2004). The rate and ex-
tent of fusion between lysosomes and phagosomes
containing Man beads ± TLR ligands was assessed
Immunity
412Figure 3. Phagosomes Formed in the Presence or Absence of TLR2
or TLR4 Signaling Display Comparable Phagosome/Lysosome Fu-
sion Profiles
(A and B) A FRET-based assay measuring the access of a particle-
associated donor fluor to a lysosome-localized acceptor fluor was
used to quantify phagosome/lysosome mixing following uptake of
(A) Man beads ± adsorbed Pam3 in wt (C57BL/6) and TLR2−/−
BMMØ, or (B) Man beads ± adsorbed LPS in wt (C3H/HeN) and
TLR4 signaling-defective (C3H/HeJ) BMMØ.
(C) To validate the assay, wt (C57BL/6) BMMØ were incubated with
Man beads in the presence of known inhibitors of phagosomal mat-
uration, including 100 nM Concanamycin A (V-ATPase) and 15 M
W7 (calmodulin). All experiments were conducted a minimum of
four times.
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Tusing a FRET-based fusion assay (Figure 3; Yates et
al., 2005). The assay measures the relative interaction
between a donor fluor (Alexa Fluor 488-SE) on the
n
p
phagocytosed particle and an acceptor fluor (Alexa
luor 594 hydrazide) that had been endocytosed and
hased into lysosomes.
The FRET signal was calculated from the ratio be-
ween the FRET-generated emission (620 nm) and the
irect donor emission (520 nm) following excitation of
he donor fluor. We also measured the direct emission
rom the acceptor fluorophore (594 nm) to ensure that
e had similar loading of lysosomes between samples.
he resulting readout shows a rapid, almost linear, in-
rease in FRET signal after 5 min at 37°C (Figure 3). At
0–40 min, the rates of fusion slow and head toward
quilibria. The profiles obtained in wild-type BMMØ fol-
owing uptake of Man beads bearing the TLR2 ligand
am3 were identical in both rate and magnitude to the
rofiles generated in the absence of the TLR2 ligand
nd to the profiles generated in BMMØ from TLR2−/−
ice. These data are consistent with the acidification
rofiles and demonstrate that stimulation of TLR2 dur-
ng phagocytosis does not alter the kinetics of phago-
ome/lysosome fusion, nor does it influence the final
quilibrium reached in the mixing of phagosomal and
ysosomal constituents.
Comparable experiments were performed with Man
eads with and without LPS and again yielded rates of
hagosome/lysosome fusion that were indistinguish-
ble between experimental groups over 90 min (Figure
). We did, however, observe that stimulation of TLR4
esulted in bead-containing phagosomes reaching a fi-
al equilibrium at 3 hr that was consistently lower in
agnitude than phagosomes containing beads without
PS. While it was reproducible, this difference was sub-
le (less than 10% of the control signal). Given the de-
ayed appearance of this phenotype, we postulate that
t is a downstream effect, as proposed previously
Doyle et al., 2004), rather than a direct reprogramming
f phagosome maturation by stimulation of TLR4.
The similarity of all the FRET profiles made it neces-
ary to conduct additional controls to verify that the
articles used in the current study reproduced faithfully
he sensitivity of the assays conducted previously with
gG-coated beads (Yates et al., 2005). In reciprocity to
he control experiments shown in Figure 2, we exam-
ned the effects of Concanamycin A and W7 on the
RET profile of phagosome/lysosome fusion. Both in-
ibitors had a marked effect on the FRET profile (Figure
). Concanamycin A, which blocked acidification com-
letely, reduced the FRET signal by 32%, and W7,
hich caused a partial block in acidification, depressed
he FRET signal by 40%. The data demonstrate the link-
ge between acidification and maturation and show
hat, while partial acidification is possible under condi-
ions of reduced phagosome/lysosome fusion, both acidi-
ication and phagosome/lysosome fusion are valid, cor-
elative indicators of phagosome maturation.
timulation of TLR2 or TLR4 during Phagocytosis
f Phosphatidylserine-Coated Particles Does
ot Modulate Phagosome Maturation
he data presented exploit particles that engage man-
ose and Fc receptors. It is possible that these receptors
rovide additional inflammatory signals that influence
hagosomal maturation, although such a mechanism
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413would have to be independent of TLR stimulation and
activation of NF-κB and p38 MAP kinase.
To address this possibility, we employed an alternate
particle coated in phosphatidylserine to mimic the sur-
face recognition of apoptotic cells and therefore pro-
vide a noninflammatory route of internalization. The
particles used are 3 m diameter, silica-C18-modified,
reverse-phase HPLC matrix coated with a mixed lipid
monolayer (Talamas-Rohana et al., 1990; Yates et al.,
2005) that included ultrapure LPS or Pam3, phosphati-
dylserine, and biotinylated dipalmitoyl-phosphoethano-
lamine, with Oregon green as a pH-sensitive reporter.
Lipid-coated particles consisting of PG and cholesterol
alone, lacking phosphatidylserine, bound 55% less effi-
ciently to the cells, demonstrating that the majority of
binding was PS dependent (data not shown). The re-
sulting acidification profile following phosphatidyl-
serine receptor-mediated uptake (Figure 4) was compa-
rable to those generated following uptake via mannose
(Figure 2) and Fc receptors (Figure 4; Yates et al., 2005).
Moreover, the inclusion of the TLR ligands LPS or Pam3
on the particle had no effect on the kinetics of phago-
somal acidification (Figure 4).
MyD88−/− Macrophages Show Reduced
Phagosome/Lysosome Fusion
The data in this current study were generated with par-
ticles ± TLR ligands, or macrophages deficient in in-
dividual TLR signaling, whereas prior studies used
macrophages from MyD88−/− or TLR2X4−/− mice com-
pared to their wild-type controls (Blander and Medzhi-
tov, 2004; Shiratsuchi et al., 2004). Shi and colleagues
reported 578 genes differentially expressed between
wild-type and MyD88−/− macrophages in the absence
of stimulation, suggesting that these cells have major
differences that extend beyond the short-term, TLR-
mediated differences on which many investigators fo-Figure 4. Stimulation of TLR2 or TLR4 Does Not Affect the Kinetics
of Phagosomal Acidification after Uptake via the Phosphatidyl-
serine Receptor
Acidification profiles of phagosomes following uptake of particles
coated with phosphatidylserine ± Pam3 or LPS in wt (C57BL/6)
macrophages. Fluorescent emission at 520 nm was taken every 2
s by use of alternating excitation wavelengths of 450 nm and 490
nm and pH was calculated as detailed (Yates et al., 2005). All exper-
iments were conducted a minimum of four times.cus (Shi et al., 2003). It is therefore feasible that the
cells behave differently in a TLR-independent manner.
To test this experimentally, we conducted FRET
phagosome/lysosome fusion analysis on macrophages
from MyD88−/− mice and control mice incubated with
Man beads ± LPS or Pam3. For all particles examined,
we found that the macrophages from MyD88−/− mice
showed significantly depressed levels of phagosome/
lysosome fusion in comparison to the wild-type con-
trols (Figure 5). While the addition of Pam3 had minimal
effect on phagosome/lysosome fusion, the presence of
LPS on the Man beads accelerated early fusion and
depressed the FRET signal at later time points. These
differences were consistent with variations noted in
Figures 2 and 3 but were more pronounced in BMMØ
on a C57BL/6/129F2 background. It is important to note
that this effect was MyD88 independent because it was
observed for control and LPS-coated beads in both cell
types and is therefore likely mediated through the en-
gagement of other LPS binding moieties (Fujihara et al.,
2003; Heumann and Roger, 2002; Kawai et al., 2001).Figure 5. MyD88−/− Macrophages Show Altered Phagosome/Lyso-
some Fusion Compared to Wild-Type Macrophages Independent
of the Presence of TLR Ligands
The FRET-based assay was used to quantify phagosome/lysosome
mixing following uptake of (A) Man beads ± Pam3 in wt (C57BL/6/
129F2) and MyD88−/− BMMØ, or (B) Man beads ± LPS in wt (C57BL/
6/129F2) and MyD88−/− BMMØ. In the presence or absence of TLR
ligand, the MyD88−/− BMMØ displayed reduced rates of fusion at
90 and 180 min compared to wt BMMØ (p < 0.0001 based on
ANOVA). All experiments were conducted a minimum of four times.
Immunity
414To further verify these results, we measured the rate
of acidification of Man bead-containing phagosomes
(± Pam3 or LPS) following uptake by macrophages from
MyD88−/− and C57BL/6/129F2 mice (Figure 6). Interest-
ingly, while there was no difference linked to the pres-
ence of TLR ligand, there was a slight but reproducible
difference linked to mouse strain, and all the MyD88−/−
samples showed slightly delayed acidification.
Staphylococcus aureus Behaves Comparably
to Ligand-Coated Particles
All of the experiments detailed in this study were per-
formed with “minimal” particles that incorporated a
dominant ligand and a series of reporter fluorochromes.
It is feasible that more complex particles such as
microbes carry additional moieties that are recognized
by phagocytes and are necessary for TLR-mediated
modulation of the phagosome-maturation process. To
address this experimentally, we utilized formalin-fixed
S. aureus as a complex particle known to stimulate
TLR2 but not TLR4 pathways (Takeuchi et al., 1999). We
examined phagosome/lysosome fusion profiles in both
wild-type (C57BL/6) and TLR2−/− BMMØ in the pres-
ence and absence of LPS incorporated onto the sur-
face of the bacterium. S. aureas-containing phago-
somes generated comparable FRET fusion profiles
irrespective of the genotype of the phagocyte (Figure
7A). In addition, just as there was no difference be-
tween the profile generated by S. aureus in wild-type
versus TLR2−/− macrophages despite stimulation of
TLR2, there was no significant difference in the FRET
fusion profile generated by LPS-coated bacteria. Stim-
ulation of TLR signaling pathways was verified by im-
munoblot (Figure 7B), showing induction of IκB deg-
radation and phosphorylation of p38 by bacteria in
wild-type, but not TLR2−/−, macrophages. The addition
of LPS to S. aureus led to the phosphorylation of p38
and degradation of IκB in both wild-type and TLR2−/−
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fFigure 6. MyD88−/− Macrophages Show Altered Kinetics of Phago-
somal Acidification Compared to Wild-Type Macrophages Indepen-
dent of the Presence of TLR Ligands
Ratio fluorometry was used to calculate the pH of phagosomes
following uptake of Man beads ± adsorbed Pam3 or LPS in wt
(C57BL/6/129F2) and MyD88−/− BMMØ. Fluorescent emission at
520 nm was measured using alternating excitation wavelengths of
450 nm and 490 nm. These experiments were conducted a mini-
mum of four times.igure 7. Phagosomes Containing Staphylococcus aureus Formed
n the Presence or Absence of TLR2 or TLR4 Signaling Exhibit
omparable Phagosome/Lysosome Fusion Profiles
A) The FRET-based assay was used to quantify phagosome/lyso-
ome mixing following uptake of formalin-fixed S. aureus ± LPS in
t (C57BL/6) and TLR2−/− BMMØ. Data are presented as an
verage over four individual sets of data.
B) Degradation of IκBα and phosphorylation of p38 MAP kinase in
he macrophage were examined by immunoblotting following
hagocytosis of S. aureus particles with or without incorporated
PS in wt (C57BL/6) and TLR2−/− BMMØ. Loading controls demon-
trated equivalent amounts of total p38 MAP kinase between sam-
les (data not shown).acrophages. These data suggest strongly that phago-
omes formed around complex microbial particles do
ot behave any differently from the phagosomes con-
aining the minimal particles used in the majority of ex-
eriments in this study.
oncluding Remarks
he data presented here provide strong evidence that
timulation of TLR2 or TLR4 does not modulate the rate
f phagosome acidification or of phagosome/lysosome
usion. It is therefore an anomaly that there should be
uch disparity between the current study and previous
ublications that documented increased or decreased
ysosomal fusion mediated by stimulation of TLRs
Blander and Medzhitov, 2004; Shiratsuchi et al., 2004).
lander and Medzhitov reported that phagosomes
ormed around complex particles such as E. coli, Sal-
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415monella typhimurium, and apoptotic cells differed in
the rate of phagosome maturation in wild-type versus
TLR2X4−/− and MyD88−/− macrophages. These experi-
ments differentiated between TLR-dependent and -inde-
pendent events solely on the basis of the genotype of
the macrophages. In contrast, in this current study, our
use of a carrier particle with or without TLR ligand ena-
bled us to determine the contribution of individual TLRs
in wild-type macrophages. And under these conditions,
we were unable to demonstrate a direct regulation of the
rate of phagosome maturation through ligation of TLRs.
While we did observe differences in phagosome matura-
tion induced by LPS, these differences varied with
mouse strain and were independent of the presence or
absence of TLR signaling.
The differences reported in previous studies (Blander
and Medzhitov, 2004; Shiratsuchi et al., 2004) may be
derived from the development of MyD88−/− macro-
phages in a TLR-deficient environment (Shi et al., 2003)
and would be independent of short-term, TLR-mediated
events. Therefore, while PAMP-directed modulation of
phagosomal maturation by professional phagocytes is
an attractive hypothesis, our data suggest strongly that
neither TLR2 or TLR4, nor MyD88, mediate such a pro-
cess. Moreover, the demonstration that recognition by
TLRs does not affect phagosome maturation implies
that pathogens capable of modulating phagosome
maturation, such as Mycobacterium tuberculosis (Rus-
sell, 2001; Vergne et al., 2004), must do so through in-
terfering with a process that is “hard-wired” into the
phagocyte.
Experimental Procedures
Mice
C57BL/6 and C3H/HeN were purchased from Charles River
Laboratories (Wilmington, MA). C3H/HeJ and C57BL/6/129F2 mice
were purchased from Jackson Laboratory (Bar Harbor, MA). TLR2−/−
and MyD88−/− mice were generated by Shizuo Akira (Osaka Univer-
sity). All animal experiments were conducted according to proto-
cols reviewed and approved by the Institutional Animal Care and
Use Committee of Cornell University.
Cells and Materials
BMMØ were maintained as detailed (Yates et al., 2005). For
spectrofluorometric studies, fully differentiated macrophages were
transferred to Petri dishes containing sterile glass cover slips and
left for 12 hr to allow a confluent monolayer to establish.
Preparation and Labeling of Mannose- and IgG-Coupled Beads
25 mg of 3 m carboxylate-modified silica particles (Kisker Bio-
tech) were washed three times in PBS (pH 7.2) and incubated at
room temperature in 25 mg/ml carbodiimide (Sigma) in PBS with
agitation for 15 min. Beads were washed twice with 0.1 M borate
(pH 8.0) and then incubated in 2.5 mg/ml defatted bovine serum
albumin (Calbiochem) and 0.5 mg/ml α-D-mannosylated-PITC-albu-
min (Sigma) or 1 mg/ml human IgG (Sigma) with agitation for 12 hr.
Particles were subsequently washed twice in PBS, then incubated
in 25 mM glycine in PBS for 15 min. Coated beads were washed
twice in 0.1 M borate (pH 8.0). Covalent fluorescent labeling of the
coupled albumin was achieved with incubation of the coated par-
ticles with 30 mg/ml of either carboxyfluorescein-succinimidyl ester
(SE) or Alexa Fluor 488-SE (Molecular Probes) in 0.1 M borate (pH
8.0) and incubated at room temperature, with agitation, for 30 min.
Following washing, the remaining amine reactive groups were
quenched with 25 mM glycine in PBS and stored with 0.01% so-
dium azide. Each batch of fluorescently labeled coupled beads wasexamined for fluorescence intensity, for phagocytic index, and for
endotoxin activity (absence of IκBα degradation).
The above protocols give optimal labeling for the assays de-
tailed. Each series of experiments was conducted with the same
batch of particles. As all of the assays were either independent of
the concentration of the fluorochrome (pH assays) or incorporated
fluorescence intensity values in calculation of the maturation profile
(FRET assays); minor variation between batches did not affect the
maturation profiles obtained.
Pam3Cys-Ser-(Lys)4 (Calbiochem) and ultrapure LPS isolated
from Salmonella minnesota (List Biological Laboratories) were ad-
sorbed onto the surface of the labeled, protein-coated beads by
sonication of the beads in 0.5 mg/ml of ligand in PBS for 20 min at
40°C. The beads were washed three times in PBS prior to use.
Preparation and Labeling of Staphylococcus aureus Particles
100 mg wet weight of formalin-fixed Staphylococcus aureus
(Cowan strain) (Sigma) was washed twice in PBS and incubated for
20 min at 4°C in 0.1 M sodium acetate (pH 5.5) containing 2 mM
sodium periodate (Sigma). The particles were washed three times
in PBS and incubated for 2 hr at room temperature in 0.1 M sodium
acetate (pH 5.5) containing 160 g/ml Alexa fluor 488 hydrazide
(Molecular Probes). The labeled S. aureus particles were subse-
quently washed five times in PBS.
Ultrapure LPS was incorporated into the surface of the labeled
S. aureus particles by sonication of the particles in 0.5 mg/ml of
ligand in PBS for 20 min at 40°C. The particles were washed three
times in PBS prior to use.
Binding Assays
IgG beads or Man beads with or without conjugated carboxyfluo-
rescein SE were bound to subconfluent macrophage monolayers
on glass cover slips as a suspension in PBS with 1 mM CaCl, 2.7
mM KCl, 0.5 mM MgCl2, 5 mM dextrose, and 5% FCS with or with-
out 20 mg/ml human IgG (Sigma) or 10 mg/ml soluble mannan from
Saccharomyces cerevisiae (Sigma) at room temperature for 3 min.
Cover slips were washed in PBS to remove unbound beads. The
degree of binding of the nonfluorescent Man beads was assessed
by counting bound or internalized beads in macrophages using
phase contrast microscopy. The degree of binding of the fluores-
cently labeled Man or IgG beads was assessed by measuring the
fluorescent intensity at 520 nm after illumination at 450 nm.
Preparation and Handling of Phosphatidylserine
Lipid Monolayer Particles
A solution of 6.5 mg/ml Nucleosil 120-3 C18 3 m diameter reverse-
phase HPLC matix (Macherey-Nagel), 130 g/ml phosphatidylserine,
2.18 mg/ml 1-palmitoyl-2oleoyl-sn-glycero-3-phospho-rac-(1-glyc-
erol) (Sigma), 435 g/ml 1,2-Dipalmitoyl-sn-Glycero-3-Phospho-
ethanolamine-N-(Cap Biotinyl) (Avanti Polar Lipids), and 305 g/ml
cholesterol, with or without 26 g/ml Pam3Cys-Ser-(Lys)4 in chloro-
form was dried under nitrogen. The material was resuspended in
PBS, with or without 0.5 mg/ml LPS, sonicated at 40°C, and placed
on ice. The lipid-coated particles were washed twice in PBS, then
incubated for 1 hr in 250 g/ml streptavidin (Promega) labeled with
Oregon green succinimidyl ester (Molecular Probes). The particles
were washed three times in PBS to remove unbound streptavidin
prior to use.
Assessment of IB Degradation and p38 MAP
Kinase Phosphorylation
Confluent monolayers of BMMØ of equal density were established
in 6-well tissue culture plates. The cells were incubated with sup-
plemented PBS alone or with mannosylated beads ± TLR ligand at
an moi of 2 beads per macrophage or a suspension of S. aureus
particles ± LPS. Following a 15 min incubation at 37°C, the macro-
phages were lysed with SDS sample buffer. Detection of IκBα,
phospho-p38 MAP kinase (Thr180/Tyr182), and total p38 MAP ki-
nase was performed by Western blot.
Phagocytosis Assays
Synchronous binding and uptake of the labeled beads was
achieved by incubation of BMMØ with a suspension of the beads
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416in PBS with 1 mM CaCl, 2.7 mM KCl, 0.5 mM MgCl2, 5 mM
dextrose, and 5% FCS at room temperature for 3 min. The concen-
tration of beads was titrated to achieve an average of 1–2 beads
internalized per macrophage. Comparable loading of cells was ob-
served in all macrophages irrespective of genotype. Following
binding, the cover slips were washed, removing unbound beads,
and placed in a vertical orientation in PBS supplemented with 1
mM CaCl, 2.7 mM KCl, 0.5 mM MgCl2, 5 mM dextrose, and 0.25%
gelatin at 37°C in a thermostat-regulated QMSE4 spectrofluorom-
eter equipped with a 4 chamber cuvette holder to facilitate simulta-
neous analysis of four experimental variables (Photon Technologies
International). Fluorescent emission was recorded after illumination
of approximately 20 mm2 of the macrophage monolayer, approxi-
mately 3.5 × 104 cells. Cell viability was verified with Trypan blue at
the conclusion of the experiment.
Measuring Phagosomal pH
Following binding of carboxyfluorescein SE-labeled Man or IgG
beads or Oregon green SE-labeled streptavidin-linked phosphati-
dylserine lipid monolayer particles, fluorescent emission at 520 nm
was measured with alternating excitation wavelengths of 450 nm
and 490 nm for 40 min. Background values were deducted and
490:450 excitation ratios were determined. Conversion of the exci-
tation ratio to pH was achieved through polynomial regression of a
standard curve generated using excitation ratios of the appropriate
beads in buffers of known pH, as detailed previously (Yates et al.,
2005). These excitation values have been shown to be equivalent to
those of bead-containing macrophages treated with the ionophore
nigericin (10 M).
FRET Fusion Assay
BMMØ were incubated in 100 g/ml Alexa Fluor 594 hydrazide
(Molecular Probes) for 3.5 hr at 37°C, followed by 24 hr in fluor-free
media. Background and total acceptor fluorescence was deter-
mined on each sample prior to binding of experimental particles.
Total acceptor fluorescence was recorded using the excitation and
emission wavelengths of 594 nm and 620 nm, respectively. This
was measured to ensure comparable loading of Alexa Fluor 594
hydrazide but was not used in the calculation. Man beads or S. aur-
eus, fluorescently labeled with Alexa Fluor 488, were bound to and
internalized by macrophages at a moi of 1–2 or 8–10 particles per
macrophage, respectively. Following uptake of the Alexa Fluor 488-
SE-labeled particles, donor and FRET-generated fluorescent emis-
sions (520 nm and 620 nm, respectively), with excitation at 488
nm, were recorded every 30 s. Following deduction of the initial
background values, FRET profiles were generated by the equation
FU = FRT/DRT − FBO/DBO (where FU = arbitrary fluorescent units,
FRT = FRET-generated fluorescent emission in real time, DRT = do-
nor emission in real time, FBO = “FRET” signal contribution of the
particles alone, DBO = donor emission of the particles) and plotted
against time. FBO/DBO is constant for each batch of beads. FBO and
DBO fluorescent emissions at 520 nm and 620 nm, were determined
with excitation at 488 nm of a suspension of Alexa Fluor 488-
labeled particles at 37°C.
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